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Key global energy, environmental and sustainability targets are closely related to the development of
Renewable Energy Sources (RES). This includes reduction of Greenhouse Gas emissions and safe energy
provision in a sustainable manner. The integration of RES in the energy mix needs to overcome the
technical challenges that are related to grid's operation. Therefore, there is an increasing need to explore
approaches where different RES will operate under a synergetic approach. A straightforward way to
achieve that is by optimizing the complementarity among RES systems both over time and spatially. The
present article developed a methodology that examines the degree of time complementarity between
small hydropower stations (SHPS) and adjacent solar PV systems (SPVS). The methodology builds on an
optimization algorithm that associates hydrological with solar irradiation information. In particularly, the
algorithm examines possible alterations on the PV system installation (azimuth, tilt) that increase the
complementarity, with minor compromises in the total solar energy output. The methodology has been
tested in a case study and the outcome indicated that a compromise of 10% in the solar energy output
(90% threshold) may result in a signiﬁcant increase of the complementarity (66.4%).
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Regulatory framework for RES electricity
The recent 5th Assessment Report published by the Intergov-
ernmental Panel on Climate Change (IPCC) suggests that de-
carbonization of the energy supply sector requires up-scaling of
low- and zero-carbon electricity generation technologies [1].
Moreover, in the special report on Renewable Energy Sources (RES)
and climate change mitigation [2] IPCC has underlined hydro-
power's signiﬁcant potential for carbon emissions reductions.
Furthermore, it has provided evidence showing that relatively high
levels of hydro-deployment are expected over the next 20 years
and hydropower should remain an attractive RES within the
context of global GHG mitigation scenarios. The direction on uti-
lizing the available hydropower potential has also been supported
in the United States of America through an Act approved by the
Senate and the House of Representatives [3].
In October 2014 the European Council agreed on the 2030ougias).
Ltd. This is an open access article uClimate and Energy Policy Framework setting EU-wide targets for the
period between 2020 and 2030 [4]. These targets aim to result in a
more secure and sustainable energy system in the EU, meeting the
2050 greenhouse-gas (GHG) reductions target. Apart from a 40%
reduction in GHG emissions and a 30% improvement in Energy
Efﬁciency, the 2030 EU-wide targets set a minimum of at least 27%
share of RES in the energy consumption. This latter target sets the
minimum level of RES in 2030 moving forward from the previous
2020 target (20%). Notably, the transition from a country-level
targets to an EU-level target offers more ﬂexibility to the imple-
mentation of projects and the deployment of RES systems. There-
fore, the optimal combination of low-carbon energy sources in the
energy mix will become even more important.1.2. Status of RES development
Considering both the technical challenges and the current eco-
nomic status of the energy market, it is safe to say that innovative
solutions will be required to support the deployment of additional
RES capacity. Ingenious system-design and optimal RES' planning
are required to support installation in the current economic envi-
ronment that is characterized by limited economic resources fornder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Nomenclature
RES Renewable Energy Sources
SHPS Small Hydropower Station
PV Photovoltaic
SPVS Solar PV System
CSP Concentrating Solar Power
GHG Greenhouse Gas
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that support safe energy production, involving variable RES in a
signiﬁcant and increasing share. Integration of higher shares of RES
in the energy portfolio calls for technologies and techniques to
manage load demand ﬂuctuations and optimal operation of reserve
capacities. As the presently applied techniques (storage capacity,
curtailment and reserves in responsive power) imply either addi-
tional costs or the partial loss of the energy output, other solutions
are worth to be investigated. In that sense, optimization of the
complementarity between different intermittent sources could be a
primary choice in which an optimal trade-off between the overall
amount of energy produced and its time stability is aimed.
The current research presents such an approach, aiming to uti-
lize the complementarity between two RES, small-scale hydro-
power stations (SHPS) and solar PV systems (SPVS). In a recent
research conducted by the authors [5] it was illustrated that Eu-
ropean water bodies offer a signiﬁcant potential for mini- and
small-hydropower stations' deployment. Building on their experi-
ence on the complementarity between wind and solar RES [6], the
authors explore in the present research the possibility to link the
design of solar-systems with the operation characteristics of adja-
cent hydroelectric stations.
In the present article the term complementarity refers to the
extent that energy output from different RES is not correlated over
time. Such a complementarity aims to reduce the intermittency of
energy production, by combining systems that have their min/max
energy output in different time periods. The combination of such
’asynchronous' energy production systems is evaluated using the
Pearson correlation coefﬁcient. Accordingly, this coefﬁcient is
calculated by comparing the energy output of two speciﬁc energy
production systems over time. Its value ranges between 1 and 1
and low, negative values indicate anti-correlation in the energy
output and time complementarity of the two systems.2. Integration of RES in existing systems: limiting factors
Following the policy directives, and the societal-economic
pressures described in the previous section (x1.2), the integration
of RES is a priority for several countries. Nevertheless, the inte-
gration of a variable renewable power generation into existing
power systems is known to have consequences on the systems'
operation and their future expansion [7].
Indeed, the temporal variance of RES energy production is
imposing signiﬁcant challenges for the system operators, who need
to ensure that energy grids will continuously respond to demand.
This can be further hampered by the often signiﬁcant-quantities of
spilled energy. For this reason, several scientists have focused their
research on forecasting the energy production from RES and
assessing its variability. Currently, renewable power generation is
typically directed to the main grid and is combined with the power
produced by conventional systems (e.g. coal, gas, nuclear). The
resulting energy mix is then distributed to consumers. However, as
RES are expected to become dominant element of the electricitygeneration portfolio, this approach exposes system-level
weaknesses.
Therefore, the development of ingenious RES systems that will
‘smoothen’ the intermittent energy production is a key point in
ensuring the sustainability of future energy systems. This subject
has attracted the interest of both the scientiﬁc community and the
industry. Accordingly their efforts have been directed towards the
development of systems with advanced efﬁciency, taking advan-
tage of technological advances and hybrid operations in the
concept of smart-grid design.2.1. Integrated approach to address the challenges
In the present research the authors explore the time comple-
mentarity between two RES systems (solar PV and small hydro) and
whether it can be optimized by adjusting the installation charac-
teristics of the SPVS. In sections x4 and x5 the authors present a
methodology that assesses and maximizes (optimizes) the afore-
mentioned anti-correlation through the development of a specif-
ically tailored algorithm.
The developed approach relies on alterations to the PV-systems’
design, aiming to even the total energy production, rather than
increasing the speciﬁc PV production. This is equal to ’smoothing
out’ power production and decreasing the instances of high and
low values of electricity production. As a result the predictability of
the energy production will be improved, supporting the mitigation
of under/over energy production of RES systems [8]. By making the
energy production less stochastic not only provides stability to the
grid but also decreases the dependence on high-cost energy storage
systems (e.g. pumped storage).2.2. Background: literature review
As Renewables' deployment developed, scientists examined the
possibility to combine different RES in order to improve the overall
system efﬁciency. Such an analysis can in principle be performed
for both a speciﬁc geographical location or involving a wider area
such as a country or a continent, while in most cases the literature
research focused on stand-alone systems in developing countries,
where connection to the grid was either impossible or too costly.2.2.1. Complementarity of stand-alone systems
While not designed for grid injection, stand-alone systems share
with the objective of the present paper an optimization target,
related to minimizing the dependence on costly battery storage or
fossil fuels and developing mini-grids that provide electricity in an
uninterrupted manner.
Accordingly, the authors of [9] examined the different options
for a stand-alone system, minimizing the dependence on battery
storage and diesel gen-sets. In Ref. [10] the authors examined the
possibility of hydrogen energy storage in a hybrid PV-Hydro system
in the Alps, also including in their analysis a comparison between
the performance of the hybrid system to common PV-system
installation. The authors of [11] developed a method for the
optimal design and operation of a stand-alone hybrid system (solar
PV, hydro, wind) that aims to minimize backup fossil-fuel con-
sumption. The application in a community in India evaluated the
different combinations of RES. In Ref. [12] a similar research has
been conducted for a community in Cameroon, where a hybrid
hydro and solar PV system were coupled by a bio-gas generator in
order to provide electricity in a continuous manner. Bekele and
Tadesse [13] optimized a hybrid hydro/PV/wind station in a rural
community of Ethiopia.
Fig. 1. Mean monthly water-ﬂow in the studied SHPS.
1 PVGIS Available online at: http://re.jrc.ec.europa.eu/pvgis/.
2 Website: http://www.cmsaf.eu.
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Moving towards more spatially dispersed generation systems,
Beluco et al. have been pioneers in analyzing the complementarity
between hydro and solar PV [14]: they have distinguished space
complementarity from time complementarity and introduced the
complementarity index of a given place. Their case study in Rio
Grande do Sul, Brazil indicated areas of high complementarity
while in their later research [15], they have analyzed the perfor-
mance of a hybrid hydroelectric solar PV station and how the
complementarity of the two sources is connected to failures on
electricity provision.
It is clear that research apart from focusing on the design-
eoperation of hybrid systems, should also provide a road-map for
Renewables' combination in a holistic way, where the comple-
mentarity of different RES would be maximized. Recognizing this
necessity scientists have only recently directed their efforts on such
a holistic approach, where spatial analysis supports the optimiza-
tion of synergetic RES installations. Notable is the work of [6] who
analyzed the spatial complementarity between solar PV and wind
in Italy. Following a Monte-Carlo approach, the research estimated
how probable is for solar PV and wind energy production to be
complementary in different places in Italy. Similar is the objective
of [16] who evaluated the combination of wind power and
concentrating solar power (CSP) and whether this combination can
produce stable or even base-load power. The investigation high-
lighted the existence of certain locations in Spain where there was
spatio-temporal balancing between wind and CSP. Their research
has been extended in a recent study [17], where they spatially
analyzed RES sites in the Iberian Peninsula, indicating that to some
extent-wind and solar RES are complementary to each other. The
long-term correlation betweenwind speed and solar irradiance has
been studied in Refs. [18], selecting an island in Brazil as a case
study.
3. Complementarity between RES: the role of small
hydropower
Section 2.2 revealed that a number of scientists have examined
the complementarity between wind and solar. However, in the
current literature there is a gap on similar analysis between hy-
droelectric and solar energy. Building on our recent research work
we examine in the present study the temporal inter-dependency
between solar and hydropower.
3.1. Hydroelectric renewable energy production
SHPS are regarded as a RES due to their minor environmental
impact. The current study focus on SHPS that only have negligible
storage capacity or they are in the run-of-river. Therefore, their
installation doesn't require dam construction and the subsequent
ﬂooding of surrounding areas. Such SHPS have limited (or no) water
storage capacity and do not rely on typical reservoir operation
practices [19], [20]. Accordingly, the energy production basically
depends on the streams' water discharge. Obviously, this charac-
teristic of the SHPS is beneﬁcial for the environment, but also re-
duces the ﬂexibility of their operation. Thus, SHPS' energy
production is proportional to the river ﬂow and follows its vari-
ability. Their design power capacity is calculated from Eq. (1) [21]:
P ¼ n r g  Q  H (1)
where P: available power (W), n: turbine's efﬁciency, r: density of
water (kg/m3), g: gravity acceleration, Q: water ﬂow (m3/sec), H:
available hydraulic height (m)
The net hydraulic head H in the studied SHPS doesn't varysigniﬁcantly in a seasonal basis, because of the absence of dam. The
amount of stored water (if any) is limited and the height difference
between its surface and the turbine's outlet is almost constant. On
the contrary, water discharge Q (Eq. (1)) ﬂuctuates throughout the
year with these variations in ﬂow affecting the turbine's efﬁciency
n. According to the turbines' operation curves, efﬁciency doesn't
vary signiﬁcantly under typical ﬂow conditions. These curves aren't
identical among the different types of turbines but they have a
common characteristic: the turbines' efﬁciency drops signiﬁcantly
when Q takes very low values (e.g. dry summer) and remains
constant under typical ﬂow conditions.
Fig. 1 illustrates monthly values of the water discharge in a
location that served as a case study for the present research. Values
of the measurements for the year 2014 have resulted to Fig. 1. Such
measurements are typically used by scientists and developers to
estimate the expected inﬂow into SHPS and the corresponding
energy production.
The scope of this research is to analyze the degree of comple-
mentarity between SHPS and SPVS based on monthly electricity
energy production. In the case of run-of-river SHPS (like the one
studied in this research) water discharge usually does not show
large variability on the hourly scale and as a result this time scale is
not relevant to the investigation we are performing. For SHPS that
also have water storage capacity, reservoir management needs also
to be considered. In such cases inﬂow to the turbine is determined
not only from the water availability but also from other parameters
(e.g. energy demand, energy price, subsidies). The authors have
analyzed the optimization of the operation of a hydropower dam in
a recent research, where hourly load proﬁles have also been taken
into account [22].3.2. Estimation of solar irradiance e solar energy potential (PVGIS)
The estimation of the output of the PV-system has been ach-
ieved with the use of the interactiveweb-based tool PVGIS1 that has
been developed at the Renewables & Energy Efﬁciency Unit, JRC.
The estimates of PV power production are based on solar radi-
ation data from the Satellite Application Facility on Climate Moni-
toring (CMSAF2). The methods for estimating the solar radiation at
ground level have been described in Refs. [23] and [24]. Using these
Fig. 2. Expected monthly energy production.
I. Kougias et al. / Renewable Energy 87 (2016) 1023e10301026algorithms, global horizontal and direct normal solar irradiance
values have been calculated for an area covering Europe and Africa
with a spatial resolution of 0.025 latitude/longitude.
Data on air temperature have been taken from the ERA-interim
reanalysis of the European Centre for Medium-range Weather
Forecast (ECMWF3).
The calculation of the output power of a PV system at a given
location can then be performed in the following steps:
1. From the global and direct irradiance values the global irradi-
ance in the plane of themodules is calculated using themodel of
Muneer [25]. A correction is made to account for the reﬂectivity
of the PV modules at sharp angles of incidence, according to
Martin & Ruiz [26].
2. From the in-plane irradiance, the ambient temperature and the
wind speed, the PV module temperature is calculated according
to the model of Faiman [27], using the coefﬁcients determined
for crystalline silicon modules [28].
3. The PV array output DC power can then be calculated from the
in-plane irradiance and module temperature using the model
presented in Ref. [29].3.3. Early indications of complementarity
Complementarity of intermittent resources supports the overall
power system, because optimally designed SHPS and SPVS can
cover at least some of the cost of energy storage [6]. Besides, the
potential to develop a synergy between solar and hydro systems is
supported by the assumption that in some areas (e.g. Mediterra-
nean countries) river-ﬂow decreases during summer, when solar
irradiance has its maximum annual values (north hemisphere).
By inserting the inﬂow values of Fig. 1 to Eq. (1) it is possible to
estimate the SHPS's expected energy production in future months.
Since the present study focus on stations with negligible water
storage capacity, the energy production is proportional to the
natural ﬂow. Matching SHPS's output estimations to the expected
energy production of a SPVS in the area results in Fig. 2.
Fig. 2 offers an initial indication that on the studied location the
energy production from the two RES is not complementary. Indeed,
energy produced by the SHPS has a low peak during the winter
months when solar production has its lower production. At the
same time water discharge and the consequent hydropower pro-
duction have their annual maximum in August, when solar energy
production is signiﬁcantly increased. The solar PV energy output in
Fig. 2 corresponds to an ’optimal PV-system installation’, which is
equal to setting the system in an azimuth and inclination that
maximize the expected annual solar energy output.
Studying the complementarity between solar and hydro arises
the following questions:
1. How complementary are the two RES?
2. Is it possible to increase their complementarity?
3. Does this complementarity appear in a similar way to other/all
locations?
The aim of the present study is to investigate these questions. In
order to achieve that, an algorithm has been developed and the
resulting tool aims to facilitate the inclusion of complementarity as
a parameter in the planning of future PV systems. The character-
istics of this tool along with its functionalities are presented in
detail in the following section.3 Website: http://www.ecmwf.int.4. Model formulation e development of an algorithm
The developed algorithm is applicable to any geographic loca-
tion and thus it can examine the degree of complementarity be-
tween different systems in various places. Following the input of
the required information, the algorithm calculates the comple-
mentarity of hydro to solar. Eventually, the algorithm examines
possible alterations in the SPVS installation and through an opti-
mization process suggests solutions that aremaximizing the overall
complementarity.
Input data include geographic information on the location and
hydrologic information on the dischargeeinﬂow to the SHPS. These
measurements take into account residual ﬂow requirements
(environmental ﬂow), while calculating the expected monthly en-
ergy production of the SHPS. Subsequently, the algorithm processes
solar irradiance information for the surroundings of the SHPS, using
PVGIS.
It is well known that the orientation and the inclination (tilt) of
any solar PV installation affects the energy output [30]. Thus, if the
PV modules are installed towards a direction and in a tilt that
maximize the received solar irradiance, the energy output is
maximized. These characteristics of orientation and tilt deﬁne the
optimal installation.
Initially, the algorithm calculates the anti-correlation between
the monthly energy production from SHPS and the SPVS. This
calculation is made under the assumption that the SPVS's setting is
optimal. Subsequently, an iterative optimization algorithm exam-
ines possible variations in the installation characteristics of the
solar system, aiming to increase the complementarity.4.1. Compromising energy output for increased complementarity
The rationale behind the developed methodology is that a slight
divergence from the optimal PV system installation can be bene-
ﬁcial for its complementarity to the SHPS energy production. In that
way a small reduction in the SPVS energy output will have a pos-
itive impact on the complementarity between the two RES.
Generally, the bigger the compromise we are willing to accept the
higher the increase to complementarity.4.2. Description of the developed algorithm
Every optimization process aims to detect those values of the
decision variables that optimize the objective function that de-
scribes the beneﬁts derived from alternative solutions. In Fig. 3 the
optimization algorithm is illustrated in detail.
Fig. 3. Flowchart of the developed methodology: Optimization process.
I. Kougias et al. / Renewable Energy 87 (2016) 1023e1030 10274.2.1. Input parameters
Initially the algorithm analyzes the operation of the SHPS. Hy-
drologic information and streamﬂow measurements are processed
and the average monthly discharge available for hydroelectric en-
ergy production is calculated. Consequently, the expected energy
output of the SHPS is calculated for every month of the year.
Geographical information refer to the location of the SHPS. SHPS
and SPVS need to be close to each other in order to form an inte-
grated system. Therefore, the location of the SHPS guides the se-
lection of suitable positions for the SPVS.
4.2.2. Decision variables
Decision variables in the developed model are the values of the
orientation (azimuth) and inclination (tilt) of the SPVS to be
installed near a SHPS. The model has also the ability to examine
alterations in the geographic location of the PV installation (not in
the scope of the present research). Thus, it can examine locations in
the vicinity of the SHPS, that favor the total system's complemen-
tarity and energy output.
The developed algorithm analyzes all possible combinations of
the decision variables orientation and inclination of the SPVS. This
includes analyzing all possible azimuth values from 0 to 360 as
well as SPVS with a tilt ranging from horizontal (0) to vertical
(90). Both decision variables are analyzed with a step of 1 with
the total number of possible combinations being 32,400 (360 90).
4.2.3. Iterative optimization process
Then, the brute-force process is executed iteratively. The opti-
mization technique has been developed in MATLAB environment
and performs an exhaustive search. That approach was selected
because the solutions' search space is conﬁned and the optimal
solution can be detected in short computation time.
Each installation option (combination of orientation and tilt of
the SPVS) is a candidate solution. For each candidate solution the
algorithm makes a query to the PVGIS server and through an
internet connection it inquires solar energy information stored at
the online PVGIS server. Subsequently, PVGIS server provides the
average global irradiance per m2 received by the modules of thecandidate system conﬁguration (kWh/m2) and the average daily and
monthly electricity production of the given system (kWh), both for
every month of the year.
The expected annual energy output of candidate solutions is
then compared to the hypothetical annual energy output of the
optimal installation. The user imposes a threshold on the compro-
mise that is willing to make in order to increase the complemen-
tarity and this acts as a constraint. Obviously, the threshold for the
optimal installation is 100%.
Following that, the solar output of the candidate solution is
compared to the corresponding output of the SHPS and the Pearson
correlation coefﬁcient between the two datasets is calculated.
Obviously, the lower the value the better the complementarity
between the two RES systems. Finally, as soon as all possible
installation options are analyzed and the iterative process is
completed, the candidate solution that maximizes the anti-
correlation without violating the energy threshold is selected.
This iterative optimization process is repeated several times, for
different values of the threshold in order to explore the possible
gains in complementarity. As it is presented in x5.1 (Table 1), in the
present research we have analyzed 7 different threshold values.5. Application of the developed methodology
The developed methodology has been tested using stream ﬂow
measurements (Sarvar gauging station) and the hydrologic data of
Fig. 1 correspond to the discharge that is expected to ﬂow e on
average-into a SHPS that is operating in west Hungary
(Latitude ¼ 47.385, Longitude ¼ 17.036). The SHPS is named Kenyeri
and was a part of a development project titled ’Small Hydro Power
Plant on the Raba river’. It has a net hydraulic head of 4.4 m and
operates a Kaplan type turbine with a design maximum discharge
of Qmax ¼ 40 m3/sec. The turbine's efﬁciency ranges throughout the
year from 0.75 to 0.9, depending on the inﬂow. Accordingly, the
power capacity of the SHPS is P¼ 1500 kW (Eq. (1)) and the average
annual energy production is x9000 MWh.
Fig. 2 illustrates the expected monthly renewable energy pro-
duction both by the 1500 kW SHPS and from a SPVS if installed in
Table 1
Complementarity between hydro and solar for different levels of energy-output compromise.
Options Energy threshold Correlation coeff. Change Azimuth Inclination
Optimal 100% 0.101 0 35
1 99% 0.119 18.0% 7 27
2 97.5% 0.132 11.5% 5 21
3 95% 0.148 11.9% 8 14
4 92.5% 0.159 7.2% 11 9
5 90% 0.167 5.4% 27 6
6 87.5% 0.177 5.7% 74 6
7 85% 0.181 2.2% 106 5
I. Kougias et al. / Renewable Energy 87 (2016) 1023e10301028the vicinity of the SHPS (Latitude ¼ 47.383, Longitude ¼ 17.040). In
order to enable comparison of the complementarity of the two RES
and considering the higher capacity factor of SHPS compared to
SPVS, the conceptual PV system has been assigned a capacity of
8 MWp.
As described in Section 4.1 the proposedmethodology examines
options of compromising a proportion of energy output in order to
increase the complementarity between the two systems. Obviously,
a signiﬁcant reduction in energy production is neither a sustainable
nor acceptable option. We have tested the methodology for a range
of values of compromise (thresholds) in order to examine in depth
the interrelation of the two RES.Fig. 4. Trade-off between energy output and complementarity.5.1. Range of compromise in energy output
The developed model-algorithm was run setting the values of
the energy output constraint (threshold) between 8599%. The
outcome of these runs is illustrated in Table 1. As expected the
bigger the compromise we accept the highest the increase to the
complementarity.
The optimal PV-system installation has a small initial comple-
mentarity with the SHP, indicated by the value of the correlation
coefﬁcient (0.101). This value of anti-correlation is equal to a solar
system being installed independently from the existence of the
SHP, with the installation-design aiming to maximize the solar PV
output. In the area under study the optimal installation faces south
(azimuth ¼ 0) and has an inclination of 35.
Reading the results of the simulations in Table 1, it is interesting
that initially small energy compromises result in noticeable in-
creases of the anti-correlation (options 1e3). Thus, a ﬁrst
compromise of 1% on the total production (from 100% to 99%) has a
signiﬁcant impact to the complementarity (x18.0%). However,
further increases of the complementarity require larger ’sacriﬁces'
on the energy production. Eventually, option 7 (threshold ¼ 85% of
themax energy production) is a convergence point, where a further
compromise beneﬁt the complementarity only by 2.2%. In the area
under study that point corresponds to a system's complementarity
with a correlation coefﬁcient equal to 0.181.
Fig. 4 illustrates the relation between gains in complementarity
and compromises in solar PV energy output. The curve is initially
steep, gradually becomes smoother and eventually becomes hori-
zontal at the convergence point. This curve represents the trade-off
between complementarity and solar energy output for the speciﬁc
location and can be a valuable tool for decision-makers while
setting the threshold level in the planning phase of similar projects.5.2. Inﬂuence on the PV-system's azimuth-inclination
It is interesting to analyze the changes in the azimuth/inclina-
tion on installations that favor complementarity. Analyzing the
values of Table 1, it appears that for the studied system, the
complementarity of the two RES increases with the solar PVinstallation facing towards the east and the tilt decreasing. At the
convergence point (threshold ¼ 85% of the optimal output) the PV-
system is installed in an almost horizontal position (tilt ¼ 5) and
faces to east (azimuth ¼ 106).
The atypical tilt is the trade-off of the gains that the optimiza-
tion method favors to increase the summer production and allow
for losses in winter. This tilt is not usual but with the dramatic PV
price reduction the gains in integration cost or complementarity
can justify part of the losses in production.5.3. Level of energy output compromise
Selecting a level of compromise is a complex issue that is not an
objective of the present study. It requires a site-speciﬁc techno-
economic analysis, where decisions will be based on various pa-
rameters such as the existence/type of incentives, the cost of energy
storage and others. ’Sacriﬁcing’ signiﬁcant quantities of energy
output is a questionable practice, especially considering that after a
certain point increases might be negligible (see Table 1, option 7).
Fig. 4 and Table 1 give some insight on the trade-off between the
solar PV energy production and the complementarity with the
SHPS. For the present study it appears that setting the threshold at
90% is a reasonable practice: the complementarity is signiﬁcantly
increased and the ’sacriﬁce’ of energy production is limited. The
90% threshold results in a deviation from the ’optimal’ PV system
installation. Thus, instead of an installation facing south and tilted
at 35, the PV-system needs to be turned 27 from south towards
the east and tilted at 6.
In Fig. 5 the expected monthly energy production of the two
installation options (threshold set to 100% and 90%, respectively) is
illustrated along with the trend of SHP's energy production. It ap-
pears that for the studied area complementarity over time is
increased as the PV-system's output increases in summer. Indeed
the ’90%’ option results in increased energy output in May, June and
July. At the same time signiﬁcant reductions in the energy output
Fig. 5. Global irradiance for two solar PV installation options (W/m2) projected over
the SHPS output (MWh).
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‘smoothening’ the peaks of PV's energy production and can be
connected to the issue of non-dispatchable energy production.
It appears that designing the PV-system in such a way that a
proportion of winter energy production is ’relocated’ to summer is
beneﬁcial for the system's complementarity to SHP. Obviously, this
’relocation’ comes with a price, i.e. a 10% reduction in the overall
production. The optimal level of trade-off between the PV output
and complementarity between PV and hydro generation depends
on the costs of ancillary services or storage. Finding this level is not
the scope of this study, but as storage capacities are usually quite
expensive (can add up to 40% of the overall cost in off-grid systems)
a 10% loss in productions can be considered a reasonable price to
pay.5.4. Daily energy output proﬁles
It is interesting to analyze how alterations in the PV system
installation affects the average daily energy production proﬁle inFig. 6. Daily solar irradiance (W/m2) proﬁles for two installation options throughout the year
legend, the reader is referred to the web version of this article.)each month. These proﬁles are presented in Fig. 6 both for the
’optimal’ installation (100%) and the ‘90%’ installation that en-
hances complementarity.
The aforementioned ’relocation’ of energy production is also
witnessed in these ﬁgures. Indeed, solar PV energy output slightly
increases in summer and signiﬁcantly decreases in winter. In
addition to that the analysis of Fig. 6 reveals a differentiation of
energy production over time, during the typical day of each month.
Thus, in this case study an increase in the complementarity results
in the energy production increasing in earlymorning between April
and August and have lower values in the remaining months (Fig. 6).
This is due to the orientation of the PV modules slightly towards
east. In the absence of signiﬁcant shadowing the complementarity
will not depend onwhether the azimuth of the modules is towards
east or west, due to the fact that the complementarity is calculated
on a monthly basis. Thus, the choice of azimuth could be made
using other criteria, such as improving the ﬁt of the production
curve with the electricity consumption pattern in the area sur-
rounding the installation.
6. Conclusions
The effective integration of RES in existing energy systems also
depends on the design of RES with ‘smoother’ energy production.
The proposed methodology supports estimations on the comple-
mentarity between SHPS and solar systems and suggests possible
alterations on the systems' design that increase their complemen-
tarity over time. Moreover, it offers estimations on the trade-off
between solar energy compromises and increases of complemen-
tarity. In the studied location a 10% compromise in the energy
output of the SPVS results to a signiﬁcant increase of the comple-
mentarity between SHPS and SPVS (correlation coefﬁcient
x66.4%). This latter characteristic can be a supportive tool for
system-developers and help them estimate the ’price’ of different
levels of increase in the complementarity.
Obviously the status of complementarity, its characteristics and: 100% (green) e 90% (blue). (For interpretation of the references to colour in this ﬁgure
I. Kougias et al. / Renewable Energy 87 (2016) 1023e10301030the degree that it can be increased depend largely on local condi-
tions. The authors plan to further investigate possible reductions of
intermittency by including the spatial aspect in future analysis. This
includes experiments on possible alterations of the PV systems'
location that might beneﬁt the complementarity with the SHP.
Another aspect is related to areas with different climate charac-
teristics (temperature, precipitation) and accordingly different
stream ﬂow proﬁles. It is important to study the diverse seasonal
variations of water discharge in different geographical regions and
how such differentiation affect the complementarity between SHPS
and SPVS.
It is interesting to note that currently don't exist any incentive
policies and motives to increase the complementarity of renewable
energy systems. In case of systems connected to the grid Feed-in
Tariffs, Net-metering schemes act as ﬁnancial instruments that
support the systems according to the quantity of the produced
energy. Considering that the proposed approach requires a ’sacri-
ﬁce’ on the energy output, it appears that the existing incentive
schemes can discourage the development of systems with
enhanced complementarity. On the contrary, stand-alone systems
and isolated mini grids can beneﬁt from the optimization of the
complementarity by reducing the cost of energy storage. Accord-
ingly, the required battery capacity or the operation of back-up
diesel gensets will be reduced, with obvious beneﬁts on the cost.
Disclaimer
The views expressed in this paper are purely those of thewriters
and may not in any circumstances be regarded as stating an ofﬁcial
position of the European Commission.
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